Dwarf maize (Zea mays L.), a mutant deficient in gibberellin synthesis, provides an excellent model to study the influence of gibberellin on biochemical processes related to plant development. Alterations in the chemical structure of the cell wall mediated by gibberellin were examined in seedlings of this mutant. The composition of the walls of roots, mesocotyl, coleoptile, and primary leaves of dwarf maize was similar to that of normal maize and other cereal grasses. Glucuronoarabinoxylans constituted the principal hemicelluloses, but walls also contained substantial amounts of xyloglucan and mixed-linkage 6-D-glucan. Root growth in dwarf maize was essentially normal, but growth of mesocotyl and primary leaves was severely retarded. Injection of the gibberellin into the cavity of the coleoptile resulted in a marked increase in elongation of the primary leaves. This elongation was accompanied by increases in total wall mass, but the proportion of 1%D-glucan decreased from 20% to 15% of the hemicellulosic polysaccharide. During leaf expansion, the proportion decreased further to only 10%. Studies of plant cell development and enlargement are inextricably linked to studies of physical and biochemical properties of the primary cell wall. Preincubation of excised tissues with plant growth regulators induces an increased wall extensibility, or wall "loosening," to permit cell expansion driven by the pressure of protoplasm. For the most part, wall loosening is correlated with hydrolysis of cell wall glucans (for review, see Refs. 12 and 39), although other reports well illustrate that substantial changes in the entire wall matrix accompany the expansion events (40, 41) .
Studies of plant cell development and enlargement are inextricably linked to studies of physical and biochemical properties of the primary cell wall. Preincubation of excised tissues with plant growth regulators induces an increased wall extensibility, or wall "loosening," to permit cell expansion driven by the pressure of protoplasm. For the most part, wall loosening is correlated with hydrolysis of cell wall glucans (for review, see Refs. 12 and 39) , although other reports well illustrate that substantial changes in the entire wall matrix accompany the expansion events (40, 41) .
Excised tissues were used in virtually all of these fundamental studies, and the events can be quite different with intact tissues.
Although glucans were hydrolyzed specifically and decreased in content in walls of tissue sections of cereal grasses upon elongation (24, 36, 37) , the total glucan actually increased substantially ' Supported by grant DMB-8415027 from the National Science Foundation. Joumal paper No. 11,434 of the Purdue University Agricultural Experiment Station. A preliminary review of a portion of this work was published in the symposium proceedings on Physiology ofCell Expansion During Plant Growth, DJ Cosgrove and DP Knievel, eds, American Society of Plant Physiologists, Rockville, MD, 1988. during expansion in intact tissues (5) . This simple observation suggests that in intact tissues synthesis and hydrolysis occur in balance, whereas in excised tissues the synthesis is slowed or inhibited, and only hydrolytic events are observed. We now need information on which polymers are synthesized and when during development.
These kinds of studies of plant cell elongation have been aided immensely by investigations of the chemical structure of the primary cell wall. Even though dicots and cereal grasses respond similarly to the same growth regulators, they do so despite huge differences in the chemical structure oftheir primary walls. Walls of dicots are rich in pectic substances, and they possess xyloglucan as the major hemicellulose and hydroxyproline-rich glycoproteins as the major cross-linking matrix, extensin (2) . Walls of cereal grass species are low in pectic substances but contain acidic glucuronoarabinoxylans (GAXs2) as the major hemicelluloses and have replaced extensin with phenolic substances as the principal cross-linking materials (6, 7, 16, 44) . A three-dimensional framework of the primary wall necessary to appreciate the physical basis of cell expansion is not yet within reach, but chemical data have given some insight as to the dynamic nature of the wall during development. In cereal grass species, for example, the developmental program that results in transition from cell division to cell expansion is accompanied by stagespecific polymer synthesis as the phragmoplast of a dividing cell is transformed into an expanding matrix. Studies of the composition of the walls of proso millet cells in suspension culture, in which cell division predominates, and maize coleoptiles and etiolated leaves, in which wall mass increased almost exclusively by cell expansion, have shown that the most significant changes occur in hemicellulosic fractions (5, 6, 9) . Hemicellulose of embryonal cells comprise mostly GAX and some xyloglucan. The xylans are substituted substantially with arabinosyl and glucosyluronic acid units, and polymers containing branched and (1 --5)-, (1 --3)-, and (1 --2)-linked arabinofuranosyl units are abundant (5) . Upon cell elongation, the branched arabinosyl structures are no longer synthesized, but xylan highly substituted with terminal arabinosyl units is observed in material extracted from the wall with dilute alkali (5, 1 1). These highly substituted xylans turn over, possibly to GAX held more tightly in the wall matrix, and the xylans that accumulate in the wall are far less substituted with arabinosyl and glucosyluronic acid units than before (5, 6) . The most marked change, however, is the novel synthesis of a hemicellulosic, mixed-linkage f3-D-glucan, an unbranched polymer containing (1 --3)3-n-and (1 -+ 4)3-D-glucosyl linkages in a ratio of about 1:3 (27, 28, 45) .
Virtually absent from the walls of dividing (embryonal) cells, the f3-D-glucan comprises about 30% of the hemicellulose from walls of elongating maize coleoptiles (5 Mature seeds were stored desiccated at 4°C. For experiments, seeds were soaked in running cold tap water overnight, sown in trays of moist vermiculite, and incubated in darkness at 28°C for up to 9 d. For preliminary analyses of the cell walls of dwarf maize tissues, seedlings from three separate experiments were harvested at 5 d. Additional experiments testing the influence of GA3 on alteration of wall structure and enzyme activities were in duplicate, with 5-d seedlings as starting material.
When the coleoptiles had grown to about 1.5 cm long (5 d), 10 luL of 1 x 10-3 M GA3 in water containing 0.5% Tween 20 were injected into the base of the leaf cavity. The syringe needle was inserted into the coleoptile tip and pushed down vertically until near the base of unemerged primary leaves. Ten,uL of 0.5% Tween 20 were injected into control seedlings. Within 24 h, the primary leaves of most of the GA3-treated seedlings had emerged, and a second dose of 100,uL of 1 x l0-4 GA3 in 0.5% Tween 20 was pipetted directly into the cuplike whorl of leaves. Lengths of tissues were determined at each harvest, and the tissues were then excised and frozen in liquid N2. Mesocotyl sections from GA3-treated seedlings were excised into "lower" sections, in which cells had expanded isodiametrically before treatments, and "upper" sections, where the change in growth pattern to elongation induced by GA3 was obvious. By the termination of the experiments after 2 or 4 d, the etiolated leaves of both control and GA3-treated seedlings had emerged; leaves were divided into "lower" rolled portions of the primary leaves and "upper" unfurled portions of the leaves just above the ligule.
Preparation of Cell Walls. Frozen tissues were homogenized in 0.05 M potassium-Tes, pH 7.2, supplemented with 0.03 M ascorbate, and insoluble material was washed with 0.5 M potassium phosphate (pH 7.0), water, chloroform:methanol (1:1, v/ v), methanol, acetone, and water as described previously (5) . The material was suspended in water and lyophilized.
Starch in 50-mg samples of the material was extracted with 20 mL of DMSO by vigorous stirring for 24 h at ambient temperature (8) ; walls were washed twice with deionized water and lyophilized. Pectic substances were extracted twice in 20 mL of 0.5% ammonium oxalate at 100°C, for 1 h each. The walls were sedimented by centrifugation, washed twice with water, and lyophilized. Combined supernatants containing the pectic substances were filtered through Whatman GF/F, dialyzed overnight against running deionized water, and lyophilized.
Hemicellulosic polysaccharides were extracted in two ways. First, the hemicelluloses were extracted step-wise with concentrations of KOH increasing from 0.01 to 4 M in 17 steps as described previously (5, 6, 9) . Once the pattern of fractionation was established, samples from subsequent experiments were bulk extracted in 20 mL of 0.1, 1.0, and 4 M KOH containing 3 mg/mL NaBH4 (to prevent end elimination [1] ) by vigorous stirring under N2 atmosphere, twice in each concentration for 1 hr each. Unextracted material after each step was pelleted by centrifugation and suspended in the next KOH solution; upon completion of all extractions, the residual KOH in the a-cellulose was neutralized with glacial acetic acid, and the material was washed several times with water and lyophilized. The KOH extracts were filtered through Whatman GF/F and neutralized with glacial acetic acid. Samples were taken for determinations of uronic acid (29) , using a procedure modified to include sulfamate to reduce neutral sugar interference (17) , and total sugar (13) . Extracts of the same concentration of KOH were then pooled, dialyzed overnight against running deionized water, and lyophilized. Cellulose was determined gravimetrically after hydrolysis of a-cellulose in acetic nitric acid as described by Updegraff (42) .
Chemical Analyses. For analysis of monosaccharide composition, 1 to 3 mg of material were hydrolyzed in 1 mL of 2 M TFA containing 1 ,umol myo-inositol (internal standard) at 120°C for 90 min with occasional vortex mixing. The TFA was evaporated in a stream of N2, and the sugars were reduced and acetylated according to Blakeney et al. (3) as modified (11) .
Derivatives were separated and quantified by GLC as described previously (5, 1 1). Additional samples were permethylated according to Hakomori (19) using the potassium methylsulfinylmethanide ion and with several technical improvements (5, 1 1 (27, 28, 45) . The enzyme was purified from a commercial preparation of Novo Ban 120 (Novo Laboratories, Wilton, CT) by batch elution from precycled DEAE-cellulose and gel permeation chromatography on Bio-Gel P-60 (Bio-Rad) essentially as described (27) . Protein was assayed in column fractions according to Bradford (4; commercial preparation from Pierce), and glucanase activity was determined as rates of reducing equivalents released from 0.05% solutions of purified oat bran 3-D-glucan. Two to 5 mg of cell walls were suspended in 2 mL of 0.05 M sodium phosphate-citrate, pH 6.0, and 50 ,L of the enzyme preparation (1.5 ,ug protein) were added. Samples were incubated at 40°C; periodically, the suspensions were centrifuged to sediment unhydrolyzed material, and 200 ,uL of the supernatant were withdrawn for determination of reducing sugar. The walls were resuspended, and the incubations were continued. At 24 h, an additional 50 ,uL of the enzyme preparation were added, but no further increase in reducing equivalents was observed over the next 3 h. Because the enzyme digests the ,B-D-glucan primarily to cellobiosyl-and cellotriosyl-(1 -* 3),8-D-glucose (28, 45) , amounts of 3-D-glucan were estimated from reducing equivalents x 3.5, using glucose as standard.
Cell Wall Autolysis. Leaves were excised from control and GA3-treated seedlings 24 h after injection. Because substantial expansion of the leaves had occurred in GA3-treated tissues, they were divided into "upper" and "lower" portions as described above. Leaves of some control seedlings had just emerged from the coleoptile but remained rolled. Samples of etiolated leaves and coleoptiles from dwarf maize seedlings were homogenized in ice-cold 0.05 M sodium phosphate-citrate buffer, pH 6.5, collected by filtration on sintered-glass funnels, and washed several times with 0.01 M buffer until the filtrate was clear. This procedure removed essentially all starch grains from the wall preparations. The walls were washed with acetone (-20°C) and suspended in 0.01 M sodium phosphate-citrate, pH 5.0, to form a thin slurry (about 2 mg/mL). One mL ofthe slurry was pipetted into 4 mL of 0.05 M Mcllvaine's standard sodium citrate-phosphate buffer, pH 3 through 8, and incubations were carried out at 40°C. Periodically, the suspensions were centrifuged as before to sediment undigested material, and 0.5-mL samples were withdrawn. The remaining material was resuspended, and the incubations were continued. Glucose released by autolysis was measured using a specific hexokinase and glucose-6-phosphate dehydrogenase coupled enzymic assay, essentially as described by Carpita and Kanabus (8) .
Hydrolysis of l-D-Glucan In Vitro. Leaves were taken from both control and GA3-treated seedlings 6 and 24 h after injection into the coleoptile. In just 6 h after injection of GA3, the leaves had emerged from the coleoptile. Cell walls of leaves from about 30 seedlings prepared as described for autolysis experiments were extracted twice with 20 mL of 3 M LiCl in 20 mm sodium acetate, pH 5.0, for 24 h each with constant stirring at 4°C. After extraction, the walls were pelleted by centrifugation, and the supernatants were filtered through a single GF/F glass fiber mat and collected by aspiration. The LiCl extracts were concentrated in dialysis membranes over a bed of PEG 20,000 (Aquacide III: Calbiochem) to about 4 mL and dialyzed against 20 mm sodium acetate plus 20 mM NaCl, pH 5.5. Protein was determined according to Bradford (4) with BSA as standard. Walls remaining after extraction were washed with water and lyophilized for estimation of weight.
The LiCl extracts contained both exo-and endoglucanase that cleaved,7/8D-glucanto monosaccharide. Two hundred ,L of extract were added to 1 mL of 0.1% f3-D-glucan (purified from oat bran) in 20 mm sodium acetate, pH 5.5, containing 20 mm NaCl. Incubations were carried out at 38°C in sealed vials, and periodically, 200 ,uL of the reaction mixture were taken for determination of reducing sugars (38) or glucose. Glucose was determined with hexokinase and glucose-6-dehydrogenase essentially as described (8) . To differentiate exo-and endoglucanase activities, additional reactions were run in 10, 50, and 100 juM HgCl2 to inhibit exoglucanase activity (20, 25) . The most reliable values for specific inhibition of the exoglucanase activity were obtained with 50 juM HgCl2. Activity of the endoglucanase was assayed by release of reducing equivalents (38) .
RESULTS AND DISCUSSION Cell Wall Composition. The composition of the walls of four major tissues from dwarf maize seedlings was typical of cereal grasses. Ammonium oxalate extracted only small amounts of pectic substances from all tissue; leaf and coleoptile contained about 8% by weight, the denser mesocotyl about 5%, and roots less than 1% (Table 1) . Typical of pectin fractions containing polygalacturonan and rhamnogalacturonan (2), rhamnose was 2 to 5% of the total sugar, and the material was rich in uronic acid. Unlike dicots, however, arabinose and xylose comprised 20 to 35% of the total sugars (Table II) , and methylation analyses demonstrated that between 30 and 50% of the "pectic substances" were actually arabinoxylans like those that constitute most of the hemicellulosic portion of the wall (data not shown).
Alkali-soluble hemicelluloses constituted between 50 and 60% of the cell wall, and an additional 9 to 1 1% was soluble in aceticnitric acid after exhaustive alkaline extraction; cellulose comprised about 25 to 30% of the wall, except for roots, which contained 36% (Table I) . Extraction of hemicellulose step-wise with increasing concentrations of alkali revealed three major fractions (Fig. 1) ; these fractions were similar to those observed in other tissues and cells of grass species (5, 6, 9) . Dilute alkali extracted fraction I comprising a GAX highly substituted with mostly terminal arabinofuranosyl and glucosyluronic acid units (5, 1 1) . Coleoptile and leaftissues contained substantial amounts of this HS-GAX, whereas mesocotyl tissues had about half as much, and root tissues had even less (Fig. 1) . With all tissues, most of the hemicelluloses required 2 M KOH for extraction. The sugar composition of the three major fractions was similar for all tissues (Table II) and similar to corresponding fractions from tissues of other cereal grass species (2, 44) . As expected, the HS-GAX was rich in arabinose, xylose, and uronic acid, and contained little glucose, whereas fractions II and III contained increasing amounts of glucosyl units and decreasing amounts of uronic acid, respectively (Table II) .
In preliminary experiments, we found that roots of dwarf maize grew normally, whereas growth of mesocotyl, primary leaves, and coleoptile was reduced severely, and hence, further analyses were made with only the latter tissues. Methylation analyses also demonstrated that the major polymers comprising the cell walls of dwarf maize were the same as those of normal seedlings. The HS-GAX fractions (fraction I) were predominated by GAX highly substituted with terminal arabinofuranosyl units on the 0-3 of the xylan chain, and fraction II contained xylans with less substitution (Table III) . The fraction III also contained GAX but was also enriched in (1 --3)-linked glucosyl units, linkages unique to the stage-specific f3-D-glucan (2, 45) , (1 -* 4, 1 -. 6)-linked glucosyl branch residues attributed to xyloglucan (2) , and substantial amounts of (1 --4)-linked glucosyl units shared by each polymer (Table III) . Because the relative proportions of each polymer comprising the wall can vary depending on the stage ofdevelopment, it is difficult to conclude from these data alone whether the lack of gibberellin has resulted in modification of the rate of synthesis of any polymer. Despite the fact that absolute proportions of l-D-glucan are lower in the walls of dwarf tissues than in those of a hybrid cultivar (5), it is clear the gibberellin is not required for the synthesis of the stage-specific glucan. Influence of GA3 on Cell Wall Composition. Injections of GA3 into the cavity of the coleoptile at the base of the primary leaves increased the growth rate several-fold in mesocotyl, leaf, and coleoptile (Table IV) . Absolute growth was low in coleoptiles; in mesocotyls, GA3 was not perceived by all cells, perhaps as a result of failure of translocation much below the cotyledonary node. In cases where GA3 was perceived, stimulation of growth was marked. Not only was rate of growth increased, but the pattern of expansion was also altered. Compared to the swollen, dwarfed appearance of the older tissue, the younger tissue was much narrower and longer, the transition being quite distinct and permitting excision of tissues and examination separately. Elongation of the primary leaves was substantial. Elongation rates increased nearly 5-fold over control tissues without GA3, the GA3-treated leaves growing almost 7 cm in just over 2 d when controls had grown less than 1.5 cm (Table IV) . A substantial proportion of the increase in growth was confined to the furled primary leaves below the ligule; above the ligule, unfurling of the leaf had occurred in both control and GA3-treated seedlings, but leaf expansion was also enhanced quite markedly in the GA3-treated seedlings (data not shown).
From linkage analyses of fractions I, II, and III from each tissue, the mole fraction contributed by the four major polysaccharides could be estimated. Detailed criteria for such estimations were reported earlier (5), but basically HS-GAX was GAX extracted by 0.1 M KOH or less. f3-D-Glucan was the mole fraction of (1 -1 3)-linked glucose plus a portion of the (1 -* 4)-linked glucose 3 times that of the (1 --3)-linked unit, a factor based on a more established fine structure of purified polymers (27, 28, 45) . Amounts of xyloglucan were based on the mole fractions of t-xylose, (1 --4, 1 -> 6)-linked glucose, and the remainder of the (1 --4)-linked glucosyl units. The remaining arabinosyl, xylosyl, galactosyl and uronic acid units were considered GAX; over 90% of these derivatives of neutral sugars were from t-arabinose, (1 --4)-linked xylose, and (1 --3, 1 --4)-linked xylosyl branch residues. In all tissues, the mole fraction of HS-GAX was reduced upon incubation for 52 h in both control and GA3-treated seedlings. In coleoptile and mesocotyl, the decrease was about the same with or without GA3. In the leaves, the amounts of HS-GAX were reduced more in the expanded portions of the leaves than in unexpanded tissues, and the HS-GAX of both tissues was lower in GA3-treated seedlings than in controls (Table IV) . In part, decreases in the mole fraction of HS-GAX were accounted for by increases in proportions of GAX. Significant decreases in f-D-glucan in cell walls of coleoptiles and leaves were also observed upon incubation. Proportions decreased substantially in coleoptiles of both control and GA3-treated seedlings, the amounts in GA3-treated tissues being much lower. Perhaps the most intriguing finding was with the primary leaves, where absolute growth was greatest. In GA3-treated seedlings, the elongating lower leaf portions contained less f-Dglucan, whereas the controls did not. Expanded portions of the leaf above the ligule had substantially lower proportions of 3-Dglucan than the furled portion of the leaves below the ligule, but again, the upper leaves of GA3-treated seedlings had far less f-Dglucan than those of the control seedlings (Table IV) . The nongrowing portions ofthe mesocotyl also contained less 3-D-glucan. Because of the marked absolute growth of the leaves in response to GA3, these tissues were examined further to provide some kinetic data on the decrease in proportions of f-D-glucan comprising the wall.
Gibberellin mediated rapid emergence of the primary leaves, the longest of which grew to nearly 15 cm by 4 d; leaves of control seedlings eventually emerged, but elongated to just 6 cm (Fig. 2) . Wall material was prepared from these leaves, and the proportions of each hemicellulosic component estimated from linkage analyses. The ,B-D-glucan content was assayed by two independent methods, one based on linkage analysis and the other by enzymic analysis. After 1 d of incubation with GA3, the relative amount of f-D-glucan decreased from nearly 20% of the hemicellulose to about 17% and decreased further to 15% by 3 d; leaves of the control seedlings maintained a relatively constant proportion of f-D-glucan (Fig. 3, bottom) . In these experiments, only after 4 d of incubation were the upper expanded and lower furled leaves discriminated. In expanded leaves of GA3-treated seedlings, the levels of f,-D-glucan had fallen to about 10% of the total hemicellulose, whereas in controls, the content remained between 17 and 18%. As before, the loss of f3-D-glucan and HS-GAX was compensated mostly with increases in GAX (Fig. 3,  top) . Interpretation of these data is complicated. The extent of the elongation zone of the leaf tissue below the ligule is not known, but for the expanding leaf blade, the actual elongation zone is confined mostly to a 1-cm region just above and below the ligule (31) . The proportions of individual polymers may reflect only the differences remaining after expansion has occurred. The presence of so many cell types in these developing leaves complicated interpretation further. The total mass of the leaves also increases, so the proportion of f3-D-glucan decreases even as absolute amounts per leaf increase; those amounts may reflect a balance between synthesis and hydrolysis. Because treatment with GA3 resulted in increased proportions of GAX and decreased proportions of ,B-D-glucan, one cannot know whether enhanced synthesis, enhanced hydrolysis, or the balance of these events is affected by hormone treatment. Physical and chemical evidence indicated that the f3-D-glucan hydrolysis is associated with cell wall expansion (24, 25, 36, 37) , so the possibility that GA3 induces increases in hydrolysis of fl-D-glucan was explored further.
Glucan Autolysis in Dwarf Maize. Cell walls were prepared in such a way as to preserve native glycosidase activity and were permitted to self-hydrolyze ("autolyze") polysaccharide upon incubation at elevated temperatures. Sugar released was assayed as reducing equivalents (38) and glucose was measured specifically by enzymic assay (8) ; comparison of these two methods revealed that over 90% ofthe sugar released from these walls was glucose monosaccharide. Autolysis proceeded quickly upon warming at 37°C and was complete by about 24 h (Fig. 4) .
Because the mole fraction of fl-D-glucan decreased upon treatment ofthe seedlings with GA3, we expected the rates ofautolysis would increase in isolated walls of the treated seedlings. The opposite was found; treatment of seedlings with GA3 for 24 development, rather than actual activities of glycosidases (Table  IV; (Table V) . Because glucose was assayed specifically, these activities toward the glucan reflect coordinated contributions of both exo-and endoglucanase. Exoglucanase activity is suppressed by 10 Mm HgCl2, whereas the endoglucanases are insensitive to the metal (20, 25) , and their activity is assayed by release of reducing equivalents. With exoglucanase suppressed by 50 ,AM HgCl2, a transient enhancement of endoglucanase by GA3 was observed in 6 h; this enhancement diminished by 24 h in the walls of the expanding "lower" leaf sections. Both total and endoglucanase activities were substantially lower in walls of fully expanded leaves (Table V) . All activities were calculated per mg of cell wall and, obviously, values were prone to alteration by factors other than amounts of enzyme extracted. Enhancement of polymer synthesis and deposition alone could have reduced the apparent activities of these enzymes. Modest increases in an exo-fl-D-galactosidase are induced by auxin in maize coleoptiles (26) . These activities were expressed per coleoptile, however, and cannot be compared directly with our data.
The involvement of such glycosidases in cell expansion has long been suspected. Auxin and acid induce increased rates of release of xyloglucan from cell wall preparations of dicot tissues (30) , and Terry and colleagues (41) (22) ; xyloglucan is hydrolyzed to hepta-and nonasaccharide fragments, and these fragments appear in vivo in growing cells in suspension culture (15) . Although strict physiological controls ofactivity have been postulated (12, 39) , amounts of endoglucanase increased markedly in pea (14, 22) , and auxininduced increased levels of mRNA for these "cellulases" have been reported (43) . One must bear in mind that all of the above-mentioned positive correlations of enzymic activity and growth have been with dicots, whose walls are quite different from cereal grass species. Although specific decreases in glucan content accompany auxin-induced growth in excised tissues (36, 37) , auxin fails to increase rates of autolysis in isolated walls (24) . These results are compatible with our findings (Fig. 4) , but this does not necessarily mean that the amounts of enzyme did not increase; the rate of autolysis depends also on the amount of substrate, 3-D-glucan (Table V) . Although an extracellular fungal (1 --3)3-D-glucanase produces limited growth in excised tissues (46) , the maize glucanases did not when added back to abraded coleoptile sections (25) . The endoglucanase requires 3 M LiCl for extraction (20, 25) , indicating that it adheres tightly either to 3-D-glucan substrate or to the acidic GAX. Considering that growth is controlled by activities at the innermost lamellae, exogenous endoglucanase may simply adsorb to peripheral polysaccharides and fail to reach critical substrates. Additional data indicate that glucan hydrolysis is not closely correlated with wall extensibility (for review, see Ref. 39) . The catabolism of(%D-glucan is substantially different than that of dicot xyloglucan. In the latter case, the xyloglucan endoglucanase is limited to hydrolysis of unsubstituted (1 -. 4)f-D-glucosyl units, but these units are spaced just 4 glucosyl residues apart (15, 22) . Hence, significant reduction in molecular size is observed in vivo (34) . The maize endoglucanase is confined to regions of the 3-D-glucan with four or more contiguous (1 -1 4)3-D-glucosyl units (21) and cleaves the macromolecule to polysaccharides of only about 50 residues (20, 24) ; exoglucanases hydrolyze these polymers to monosaccharide (24, 25 ; Fig. 4 ). Thus, gross fragmentation similar to that observed for xyloglucans may not be observed.
Gibberellin is not required for the synthesis of 3-D-glucan (Tables II and III) ; it causes a marked decrease in its proportion in the wall but certainly not complete hydrolysis (Fig. 3, bottom) . In isolated walls, hydrolases degraded the glucans specifically and to near completion within a few hours (Fig. 4) . Additional physiological controls of their activity in muro are beyond the scope of this report but clearly must also be involved in vivo, considering that substantial amounts of #-D-glucan accumulate in intact tissues during cell expansion and differentiation. Although GA3 clearly impacts wall metabolism in the dwarf seedlings, just how these alterations impact cell elongation is not known. We are now purifying the endo-and exoglucanases from cell walls of growing maize seedlings to investigate molecular controls of their expression and cellular and subcellular distribution.
